Abstract
impact on snow, the MNDWS is strongly reduced by 2050, with a decrease ranging from 10 to 100 23 days from pre-industrial values over large parts of the Northern Hemisphere. This reduction is 24 essentially due to temperature increase, which is quite strong in the RCP8.5 scenario in the absence 25 of climate mitigation policies. Moreover, the projected sea-ice retreat in the next decades will open 26 new routes for shipping in the Arctic. However, a large increase in shipping emissions in the Arctic 27 by the mid 21 st century does not lead to significant changes of BC deposition over snow-covered 28 areas in our simulation. Therefore, the MNDWS is clearly not affected through snow darkening 29 effects associated to these Arctic ship emissions. In an experiment without nudging toward 30 atmospheric reanalyses, we simulated however some changes of the MNDWS considering such 31 aerosol ship emissions. These changes are generally not statistically significant in boreal continents, 32 except in the Quebec and in the West Siberian plains, where they range between -5 and -10 days. 33
They are induced both by radiative forcings of the aerosols when they are in the snow and in the 34 atmosphere, and by all the atmospheric feedbacks. These experiments do not take into account the 35 feedbacks induced by the interactions between ocean and atmosphere as they were conducted with 36 prescribed sea surface temperatures. Climate change by the mid 21 st century could also cause 37 biomass burning activity (forest fires) to become more intense and occur earlier in the season. In an 38 idealized scenario in which forest fires are 50% stronger and occur 2 weeks earlier and later than at 39 present, we simulated an increase in spring BC deposition of 21 Gg BC month -1 over continents 40 located north of 30°N. This BC deposition does not impact directly the snow cover through snow 41 darkening effects. However, in an experiment considering all the aerosol forcings and atmospheric 42 during melting conditions. Building on this experimental evidence, and in contrast with Krinner et 181 al. (2006) , we will consider in this study that both dust and BC do not flush through the snow, and 182 stay at the surface until a new snowfall occurs or until the disappearance of the snow-cover. This 183 assumption could overestimate the magnitude of BC aerosol effects on the snow cover and climate. 184
Snow albedo is estimated using the parameterisation of Warren and Wiscombe (1980) , which is 185 adapted for snow containing aerosols. As in Krinner et al. (2006) , the snow albedo of the bottom 186 snowpack layer is computed first for diffuse radiation as a function of the underlying albedo, snow 187 grain size and aerosol content. Snow grain size evolves prognostically as a function of snow age 188 and temperature (Marshall and Oglesby, 1994) , but unlike the aerosol content, it takes the same 189 value in both snow layers. The spherical albedo of the bottom layer is then used as the underlying 190 albedo for computing the albedo of the surface layer, both for diffuse and direct solar radiation. 191
Snow albedo is averaged separately in the visible and near-infrared parts of the solar spectrum. We 192 adopt the same aerosol physical properties as used in Balkanski et al. (2010) In futur model developments, we hope to include a more accurate representation of the interaction 198 between aerosols and snow grain. Flanner et al. (2012) showed that accounting for the internal 199 mixing of BC within snow grains increases its radiative forcing by 40 to 85% compared with 200 treatments of externally-mixed BC in snow. Therefore, the simplification applied in our study may 201 potentially underestimate the BC effect on snow albedo. The size and radiative parameters for dust 202 are the same as used by Krinner et al (2006) , following Guelle et al. (2000) and Balkanski et al. 203 (2007) . Black carbon is assumed to follow a log-normal size distribution with a median number 204 radius of 11.8 nm, characteristic of freshly emitted soot (Dentener et al., 2006 , Jacobson et al., 205 2004 ). In the real world, this diameter increases quickly, as BC undergoes ageing and coagulation 206 and can be coated by other aerosols in the atmosphere. However, as we do not consider internal 207 mixtures for BC in snow, we consider that BC aerosols regain their initial size when incorporated in 208 the snowpack. We considered a BC density of 1 g cm -3 , and the refractive index for BC is taken to 209 be m=1.75-0.45i. Refractive indices for ice are taken from the GEISA database (Jacquinet-Husson 210 et al., 1999). The corresponding mass absorption cross-section (MAC) of BC resulting from these 211 assumptions of size distribution, density, and refractive index reaches a value of 7.6 m².g -1 at 545 212 nm (mid-visible, see the MAC definition of Bergrstrom, 2006, and Boucher, 2011 We exclude from our analysis the first year of simulation, considered as a spin-up period. The two 220 first experiments -designated as S1 and S1B -describe the present-day atmospheric state 2008), using prescribed observed Sea Surface Temperature (SST, see Rayner et al., 2003) with 222 winds nudged toward ERA-40 reanalysis from the European Centre for Medium-range Weather 223
Forecasts (ECMWF). Note that pressure, temperature and humidity are computed with the LMDZ 224 model without nudging in these experiments. The nudging is applied only for horizontal winds as 225 described in Coindreau et al. (2006) . Such protocol is very useful to reproduce the observed 226 atmospheric state (Douville, 2010) , letting however the model partially free to react to external 227 forcings. We only applied the nudging to winds to avoid possible inconsistencies between winds 228 and other meteorological variables (pressure, temperature, and moisture). These experiments were 229 conducted with the present-day global aerosol emission inventory described in Lamarque et al. 230 (2010), an inventory made for the Coupled Model Inter-comparison Project Phase 5 (CMIP5, 231 CLIVAR special issue, 2011). In S1B, the BC content in the snow is set to zero, whereas it is 232 computed from aerosol deposition in all the other experiments. The six other experiments were 233 conducted over the period 2050-2060. They are based upon the aerosol and gases intensive 234 emission scenario RCP8.5 (Representative Concentration Pathway 8.5, Moss et al., 2008 , 2010 , 235 Riahi, 2007 , characteristic of a scenario with no climate mitigation policies to limit greenhouse gas 236 emissions. This scenario corresponds to a total anthropogenic forcing in 2100 of approximately 8.5 237 W m -2 . All six experiments were conducted with prescribed SST for the 2050s decade as produced 238 from a previous coupled ocean-atmosphere simulation using IPSL-CM5A configuration in the 239 context of the CMIP5 exercise (Dufresne et al., 2012) . As for the two present-day simulations, using 240 prescribed SST for these experiments cancel completely all the possible feedbacks involving the 241 atmosphere ocean interactions. The first one of these six experiments -designated as S2 -has been 242 performed with the aerosol emission inventory corresponding to that defined for the RCP8. as observed (NSIDC, 2008) and modelled in our present-day control simulation S1, respectively. 296
The MNDWS ranges from several days at 30°N to almost a complete year north of 75°N. The goal 297 of our study is not to analyse in detail the ability of our GCM to describe the snow cover, as we will 298 focus more on the analysis of sensitivity experiments with this GCM. Nevertheless, looking at the 299 Root Mean Square Error (RMSE) between modelled and observed MNDWS (Figure 2c ), we see 300 that our model describes quite well the snow cover duration over flat areas (RMS varying between 5 301 and 20). This is not the case in mountainous areas like the Himalayas, the Altay Mountains, the Alps 302 and the Rocky mountains where the RMSE generally exceeds values of 40 and can reach values of 303 300 days. As a consequence, we have to be very careful when we draw conclusions from the 304 analysis of our simulation in these regions. Such huge errors are clearly due to the coarse resolution 305 of our model, which does not allow a correct representation of the complex topography of these 306 mountain ranges. Note that we did not consider the number of days with snow at the ground over 307 glaciers, icecaps or sea ice in our study. We discarded as well snow cover variations modelled in 308 grid-cells located just next to icecaps (Greenland) since the representation of these icecaps is also 309 not accurate due to the coarse spatial resolution of our model. 310
In the following, we discuss the difference of MNDWS between our different simulations. The 311 statistical significance was estimated using a two-sample t-test. This statistical test is applied to 312 validate the hypothesis that the mean of two simulations are different at the 95% significance level. 313
All areas with statistically significant differences are shaded in grey on Figures 3 to 7. Regarding 314 present-day conditions, considering the influence of BC deposition on snow albedo induces a 315 decrease of the MNDWS that is statistically significant over a major part of the continents of the 316
Northern hemisphere (Figure 3a , difference S1-S1B). This decrease lies within a range of 1 to 10days over large areas of Eurasia and Northern America. Regarding future conditions, there is a 318 significant decrease of the MNDWS in the S2 simulation for 2050 ( Figure 3b ). This reduction is 319 statistically significant, and ranges from 10 to 100 days in most parts of northern continental areas. 320
Due to global warming forced by greenhouse gases, the beginning of the snow-accumulating season 321 (respectively, the beginning of the snow-melting season) is modelled with ORCHIDEE coupled to 322 LMDZ to occur later in autumn (resp. earlier in spring) in most snow-covered northern regions. A 323 negative trend of MNDWS has already been observed during the last decades (e.g. Déry Northern Hemisphere. We have to keep in mind that these future sensitivity experiments were 340 nudged, a process that limits atmospheric feedbacks: these experiments allow to quantify the 341 changes of snow cover duration induced by the aerosol effects on snow albedo, strongly minimizing 342 both the effect of aerosols when they are in the atmosphere and the temperature changes induced by 343 the snow cover variations. The nudging was applied only to the horizontal wind, but temperature is 344 also indirectly nudged as these two variables are quite dependent in a hydrostatic approximation 345 model (e.g. Holton, 2004) . Hence, the variations of temperature induced by atmospheric aerosols 346 changes are partially cancelled in these nudged simulations. Nevertheless, the effect of atmospheric 347 aerosol was not completely inactivated in these nudged simulations, as it induces also a 348 modification of the radiative flux reaching the surface and a residual atmospheric warming. The 349 complete effect of aerosols can be evaluated through simulations performed without nudging, as it 350 was done for experiments S3 (with an increase in arctic ship traffic) and S4 (with an increase in 351 biomass burning emissions). Nevertheless, we have to keep in mind that all of these futureexperiments used the same prescribed SST, which cancel the feedbacks which could be generated 353 through interactions with the ocean. Since our study focuses on the continental response to a 354 continental forcing, the analysis presented here should not be too much affected. From the analysis of our nudged and not nudged experiments, we estimate that the possible increase 367 in aerosol emissions from ships or boreal fires will not affect significantly the snow cover directly 368 from snow darkening effects. However, this conclusion may not hold if we had also accounted for 369 the atmospheric effects of aerosols. These effects are however very difficult to quantify: Shindell 370 and Faluvegi (2009) showed that the patterns of temperature response and aerosol radiative forcing 371 do not correspond on a regional basis. The difficulty to answer these complex questions is 372 reinforced by the fact that ships emit different aerosol species (Balkanski et al., 2010) , which have 373 differentiated impacts on the climate system: They emit BC, an aerosol which absorbs solar 374 radiation, warming its environment, but they also emit large amount of sulphate, an aerosol which 375 strongly scatter solar radiation, cooling locally the atmosphere via direct end indirect effects 376 (Lohmann, 2005) . The sign of the radiative forcing induced by biomass burning, which also emits 377 both BC, OC and sulphate depends also on the height at which the particles are transported (Abel et 378 al., 2005) . In front of all these complex questions, we discuss in the following when and how the 379 MNDWS can be affected by increased ship and biomass burning aerosol emissions. 380
Both the scenario with enhanced biomass burning emissions and those with increased Arctic ship 381 traffic emissions produce very low emissions in winter. In summer, the Northern Hemisphere 382 experiences a reduced snow cover. During fall, when solar radiation is considerably reduced 383 compared to summer, both atmospheric aerosols and aerosols deposited on snow surface have a 384 weak impact on snow cover (Flanner et al., 2009) 
reasons, although summer is the period when aerosol concentrations from ship traffic and biomass 387 burning are the largest, it is during the spring that we find the largest significant MNDWS changes 388 associated to aerosol emissions considered in experiments S3 and S4 (Note that the MNDWS 389 changes are very low in our simulation during the other seasons, not shown). The significant spring 390 aerosol emissions are simultaneous with large residual snow cover over continental regions of the 391
Northern Hemisphere, and thus have the potential to amplify regional warming. This is why we 392 focus the following analysis on the interactions between snow and aerosols during the spring season 393 (April-May-June). 394 signal is not statistically significant, indicating that the increase of ships emissions only generated 411 "noise" in the aerosol spring deposition signal of our sensitivity experiment S3. Such response can 412 be therefore mainly explained by natural variability. By contrast with S3, the earlier fire season 413 considered in simulation S4 causes a significant increase in BC spring deposition over both North 414
BC deposition on snow
America and North Asia (Figure 5d ). The total increase of BC continental deposition in the S4 415 simulation represents 21 Gg month -1 . Regarding spring aerosol deposition, we can conclude that the 416 MNDWS changes modelled in the S3 experiment is clearly not induced by snow darkening effects 417 by aerosols. They are more due to aerosols when they are in the atmosphere, and to all the possible 418 associated atmospheric feedbacks. Regarding S4 spring aerosol deposition, it is possible that snow 419 darkening effect of BC have impacted the MNDWS via atmospheric feedbacks. 420
Spring Snow Water Equivalent (SWE)

421
During the spring, the present-day SWE ranges from 500 to 2000 mm in mountainous areas such as 422 the Rocky Mountains, the Scandinavian mountains, the Ural Mountains or over Kamchatka (Figure  423 6a). Elsewhere, over high latitudes continental areas, it takes values on the order of 100 mm. 424
Considering BC deposition on snow in the present-day conditions (S1 -S1B) induces only a small 425 SWE decrease over large part of Eurasia an Northern America ranging from 0 to 10 mm (Figure  426 6b). However, in a few locations of Western America and Scandinavia, this decrease takes larger 427 values, exceeding 100 mm. The strongest BC induced decrease in present-day SWE appears in 428 regions where the SWE is generally elevated in spring. Overall, spring SWE is modelled to be much 429 lower in the RCP8.5 2050 scenario than under present-day conditions, and the modelled SWE 430 decrease reaches up to 50% over the major part of snow-covered areas (Figure 6c ). There are very 431 few regions where spring SWE is modelled to increase in S2 compared to S1, and these exceptions 432 are North Eastern Canadian Islands, the Himalayan region and small parts of Northern Eurasia. An 433 enhancement of ship traffic in the Arctic is predicted to induce an extra decrease of the SWE in 434 Alaska, in the Canadian shield, and in large parts of Northern Eurasia, ranging from 10 to 100 mm 435 (Figure 6d) , and in the Baffin Island, reaching 10 mm. In the scenario S4 with an earlier spring 436 biomass burning activity, spring SWE is modelled to decrease in many parts of the continental pan-437
Arctic areas, by up to 50 mm, except in Baffin Island and in very small regions of Northern Eurasia 438 (Figure 6e) . However, these modelled extra SWE changes in simulations S3 and S4 are not 439 statistically significant according to a two-sample t-test, indicating that the signal of the local 440 aerosol emissions taken into account is difficult to be characterized given the large amount of 441 natural climate variability, and the fact that local emissions play a second order role (S3-S2 and S4-442 S2) compared to the fist order effect of GHG forced future warming effects on SWE (S2-S1). 443
The present-day SWE decrease induced by aerosol deposition is quite smaller than the decrease 444 modelled in 2050 under the RCP8.5 scenario (see Figures 6b and 6c) . The decrease of SWE 445 expected in 2050 is due to the temperature increase associated with the greenhouse gas radiative 446
forcing. This result clearly shows that the drastic reduction of BC deposition in the Northern 447
Hemisphere in 2050 (Figure 5b ) is clearly not sufficient to counteract the decrease of SWE induced 448 by greenhouse gas radiative forcing and its associated temperature increase ( Figure 6c We estimate that current aerosol emissions directly cause a decrease of the MNDWS ranging 497 between 0 and 10 days in large areas of the boreal region. This "snow darkening effect" is 498 essentially due to the BC deposition during the spring, a period of the year when the remaining of 499 snow accumulated during the winter is exposed to both strong solar radiation and large amount of 500 aerosol deposition. This deposition over continents represents 222 Gg month -1 of BC north of 30°N. 501
Recent papers have shown that the "snow darkening effect" affect as much the present-day snow 502 cover as the warming induced by anthropogenic GHG (e.g. Flanner et al., 2007 Flanner et al., , 2009 Flanner et al., , 2012 , 503
Jacobson et al.2004). 504
The projected drastic decrease of the anthropogenic aerosol emissions from the RCP scenarios for 505 the middle of the 21 st century in the Northern hemisphere may limit the decrease of snow albedo 506 due to absorbing aerosol deposition. But this response is very much dependent on the quality of the 507 emission scenarios, as no inflexion in BC emissions over Asia has been observed in the past 508 decades. Nonetheless, a major part of snow-cover in the Northern hemisphere will experience a 509 significant reduction under the GHG forced warming. By comparison with present-day conditions, 510 the MNDWS was found to be reduced by 10 to 100 days over the major part of the continental 511 regions of the Northern Hemisphere by the middle of the 21 st century. The main cause for this 512 decrease is a temperature rise that substitutes snow to rain over several regions and accelerates 513 melting. The relative contribution of the snow darkening effect to the total snow cover reduction 514 will clearly decrease in the next decades, as those of the GHG forcing is expected to strongly 515 increase. These conclusions have been reached with a future scenario that considers strong increases 516 in greenhouse gases concentrations. The decrease of the aerosol impact on snow-cover should be 517 relatively more important for a scenario with lower greenhouse gases concentrations. 518
Considering a significant additional increase in ship traffic in the Arctic by the mid 21 st century 519 does not lead to significant changes of the aerosol deposition over snow-covered areas in the most 520 sensitive period for a positive climate feedback, springtime. Therefore, the MNDWS is clearly not 521 affected by snow darkening effects associated to these Arctic ship emissions. This result has been 522 demonstrated using a simulation nudged toward the observed atmosphere, to quantify how aerosol 523 deposition could affect directly the snow cover. We have to keep in mind that applying nudging 524 techniques in these sensitivity experiments strongly limits all the possible atmospheric feedbacks, 525 but does not cancel completely the diming happening in surface and the atmospheric warming due 526 to atmospheric aerosols. As a consequence, atmospheric BC aerosols associated to these Arctic 527 ships traffic have also no direct impact on the snow cover. In an experiment considering such an 528 increase of ship emissions without nudging toward atmospheric reanalyses, we simulated some 529 changes of the MNDWS. Ships emit absorbing aerosols like BC and to a lesser extent OC, but in 530 comparison a lot more sulphur dioxide, which strongly scatters the incoming solar radiation, 531 thereby cooling the atmosphere. Modifying the atmospheric energy balance by accounting for these 532 aerosols affects the atmospheric circulation and the precipitation pattern. In this experiment, the 533 MNDWS changes are generally not statistically significant in boreal continents, except in the 534
Quebec and in the West Siberian plains, where the MNDWS decrease from 5 to 10 days. 535
Biomass burning activity proportionally emits more BC and OC aerosol and much less sulphate 536 compared with ship traffic. We modelled a significant increase in BC spring deposition that exceeds 537 1 mg m -2 month -1 over large parts of America and Eurasia in a 2050-2060 simulation that take into 538 account forest fires that are 50% stronger and are projected to occur 2 weeks earlier and later than at 539 present. This increase of BC spring deposition represents 21 Gg month -1 on continents located north 540 of 30°N. However, with such emissions, we do not simulate a reduction of the MNDWS in an 541 experiment performed with winds nudged toward atmospheric reanalyses. This demonstrates that 542 our biomass burning emission scenario does not induce a significant reduction of the snow cover, 543 either via "snow darkening effects", either via "aerosol diming", and either via "atmospheric 544 warming due to absorbing aerosols". However, considering all the aerosol forcings and atmospheric 545 feedbacks in an experiment performed without nudging, enhanced fire activity induces a significant 546 decrease of the MNDWS reaching a dozen of days in Quebec and in Eastern Siberia. 547
Due to the snow-albedo feedback, the Arctic is a region very sensitive to climate change. atmosphere response and snow cover dynamics. Thanks to the comparison between our nudged and 560 not nudged simulations, we can maintain that the decrease of MNDWS that we simulated in our 561 scenario with increased ships traffic or enhanced fire emissions is more explained by the 562 atmospheric feedbacks than by the forcing directly generated by these aerosols, either in the 563 atmosphere, either deposited on the snow. The aerosol forcing is the initiator of the modelled 564 changes, but several feedbacks can be involved: As an example, a warming induced by absorbing 565 aerosols located in the snow or in the atmosphere will generate a diminution of snow cover. This 566 one will induces a diminution of the surface albedo, therefore an increase of the solar energy 567 absorbed by the surface, and finally an increase of temperature, itself impacting the atmospheric 568 circulation and the precipitation pattern and phase. In particular, we found in our simulation a 569 diminution of both snowfall and SWE in the area where we modelled a decrease of MNDWS. Such 570 variations are associated to a warming of the low layers of the atmosphere in these regions (not 571 shown). Further simulations could be performed to diagnose accurately the aerosol direct and 572 indirect effects generated by the aerosol emissions scenarios that we suggest in this paper. Such 573
protocol has yet been applied to estimate the radiative forcing of the present-day aerosol emissions 574 (IPCC, 2007) . However, if it is quite easy to apply this protocol for the aerosol direct effect (e.g. 575 Balkanski et al., 2010 ), it appears to be a more delicate exercise for indirect effects (e.g. Déandreis 576 et al., 2012). Besides, the snow albedo variations induced by absorbing aerosol deposition is quite 577 dependent on the chemical composition of these aerosols (Wang et al., 2012) , their evolution within 578 the snow cover (Aamas et al., 2011, Conway et al., 1996) , and their mixing state with snow grains 579 (Flanner et al., 2012) . Further experiments dealing with these processes could provide a realistic 580 spread about the existing knowledge concerning BC and its interactions with snow albedo. Anyway, 581
we predict that the likely future aerosol emissions from ships traffic over the Arctic region or an 582 increase in biomass burning will play a minor role in the reduction of continental snow cover area 583 trough snow darkening direct effects at high Northern latitudes. We have not attempted to predict 584 future changes in sea ice due to these effects but these may be significant. (NSIDC, Boulder, CO) for providing IMS daily Northern Hemisphere snow and ice analysis. We 594 thank the editor and the 4 anonymous reviewers for their relevant comments, which helped to refine 595 our study and to improve the manuscript. 596 597 Areas with statistically significant differences, according to a two-sample t-test, appear in grey 967
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